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Abstract We present a new tool for colour-magnitude diagram (CMD) studies,
Powerful CMD. This tool is built on the basis of the advanced stellar population syn-
thesis (ASPS) model, in which single stars, binary stars, rotating stars, and star formation
history have been taken into account. Via Powerful CMD, the distance modulus, colour
excess, metallicity, age, binary fraction, rotating star fraction, and star formation history
of star clusters can be determined simultaneously from observed CMDs. The new tool
is tested via both simulated and real star clusters. Five parameters of clusters NGC6362,
NGC6652, NGC6838 and M67 are determined and compared to other works. It is shown
that this tool is useful for CMD studies, in particular for those with the data of the Hubble
Space Telescope (HST). Moreover, we find that the inclusion of binaries in theoretical stel-
lar population models may lead to smaller colour excess compared to the case of single
star population models.
Key words: (stars:) Hertzsprung-Russell and C-M diagrams; (Galaxy:) globular clusters:
general;galaxies: clusters: general
1 INTRODUCTION
Colour-magnitude diagram (CMD) is the observed counterpart of Hertzsprung-Russell diagram. It
shows the distribution of stars in the magnitude versus colour plane. CMDs are of key importance
for the studies of star clusters. Many astrophysical properties, e.g., distance modulus, colour excess,
metallicity, age, binary fraction and star formation history, can be determined from CMDs. Such results
can be widely used for studying the evolution of stars, star clusters and galaxies. The age of the universe
can also be constrained by the age of the oldest globular clusters, which can be derived from CMDs. The
CMD of a star cluster can be obtained by observing stars within the cluster in two passbands. There have
been many observations for the CMDs of star clusters. Both ground-based and space telescopes have
been used. In particular, a quantity of high-quality CMDs are obtained by the Hubble Space Telescope
(HST). This makes it possible for us to study star clusters in detail via CMDs. One can read many papers
about CMD studies, e.g., Fusi Pecci et al. (1996), Olsen et al. (1998), Mieske et al. (2006), Mackey &
∗ Supported by the National Natural Science Foundation of China (No. 11563002) and Yunnan Science
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Broby Nielsen (2007), VandenBerg et al. (2013), Yang et al. (2013), Li et al. (2012a, 2015), Brandt &
Huang (2015), and Niederhofer et al. (2016).
One method that is widely used to study star clusters is based on the comparison between the ob-
served and synthetic CMDs. In most works, the synthetic CMDs are described by some isochrones
(distribution of a population of stars with the same metallicity and age but various masses). The com-
parison of observed and theoretical CMDs can be simply done by eye, but this is usually for a small
set of isochrones. This method is unsuitable for studying a large amount of clusters. It is not suitable
for some detailed studies, which need numerous isochrones, either. Therefore, many works tried to fit
CMDs via some statistical methods, for example:
– 1) Bayesian method;
– 2) χ2 method;
– 3) τ2 method;
– 4) likelihood statistic.
Bayesian method was used by e.g., von Hippel et al. (2006) and De Gennaro et al. (2009). This technique
is to use information from the data and from our prior knowledge to obtain posterior distributions on
the parameters (e.g., metallicity, age, and initial mass of cluster stars) of stellar population models.
χ2 method was used by e.g., Harris & Zaritsky (2001), Kerber & Santiago (2005), and Cignoni &
Shore (2006). This method is good for the ideal case with single Gaussian uncertainties but it has been
widely used for similar cases. τ2 method was used by Naylor & Jeffries (2006) and Da Rio et al.
(2010). A parameter, τ2 = -2 lnP (where P is probability), is used to find the best-fit models. The
distribution of τ2 is different to χ2 when uncertainties are small, but the two goodness parameters
have similar distributions for a large uncertainty case. A likelihood statistic was used by Kerber et al.
(2002), and χ2e method was used by e.g., Dolphin (2002). The likelihood L is given by L =
∏
Pi,
where Pi is the model probability function evaluated at the CMD position of the ith star. Such methods
are much more quantitative than the by eye method, and they improve the reliability of CMD fitting
obviously. A limitation of the previous works is that they are based on some classical stellar population
synthesis models, and some of them took only a part of CMD, e.g., main sequence, rather than the whole
CMD. In addition, no tool is able to simultaneously determine cluster properties including e.g., binary
fraction, rotating star fraction, and star formation history. This makes it difficult to get a comprehensive
understanding about star clusters from CMDs.
This work introduces a tool, i.e., Powerful CMD, which is aiming for determining the distance
modulus, colour excess, metallicity, age, binary fraction and star formation history from CMDs, which
is produced by Dr. Zhongmu Li. It can also be used for building the CMDs of various kinds of stellar
populations. The work principle, tests and application of the new tool are presented by this paper.
This paper is organized as follows. In Sect. 2, we briefly introduce the stellar population model used
by Powerful CMD. In Sect. 3, we introduce how Powerful CMD builds synthetic CMDs and finds
the best-fit models. Next, in Sect. 4, we present some tests to the new tool. In Sect. 5, we apply the tool
to a few star clusters. Finally, we give our discussions and conclusions in Sect. 6.
2 STELLAR POPULATION MODEL
Powerful CMD works on the basis of the advanced stellar population synthesis (ASPS) model of
Dr. Zhongmu Li. The ASPS model was developed from the rapid stellar population synthesis model
(RPS) (Li & Han 2008a,b; Li et al. 2010; Zhongmu 2011; Li et al. 2012b, 2013, 2015). A feature of
ASPS is taking the effects of binary stars and rotating stars into account (Li et al. 2012a, 2015, 2016).
The current version of ASPS takes the initial mass function (IMF) of Salpeter (1955) (Salpeter IMF),
8 metallicities (0.0001, 0.0003, 0.001, 0.004, 0.008, 0.01, 0.02 and 0.03), 151 ages (0–15Gyr with an
interval of 0.1Gyr), and 7 rotating star fractions (0, 0.1, 0.3, 0.5, 0.7, 1.0 for stars following the rotation
rate distribution of Royer et al. (2007), and a gaussian distribution with mean and deviation of 0.7 and
0.1 for all stars). Although there is still some uncertainty in the IMF for stars less massive than the Sun,
it does not affect the results obviously, because usually bight stars (i.e., massive stars at zero age) are
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used for CMD studies. The results from Geneva code are used for considering stellar rotation in ASPS,
and our results are consistent with some recent works, e.g., Brandt & Huang (2015), D’Antona et al.
(2015) and Niederhofer et al. (2015). Because the Geneva models do not include low-mass (< 1.7 solar
mass) rotating stars, rotation is not considered by ASPS for star clusters older than about 2Gyrs. In fact,
rotation affects old clusters (> 2Gyrs) much more slightly compared to the young ones, as such clusters
are dominated by low-mass and slow-rotating stars. The basic stellar population models of ASPS take
a binary fraction of 50%. Note that binaries here mean those with orbital period less than 100 yr. They
are different from interacting binaries. Therefore, the binary fraction in this paper is usually larger than
other works. Because every single and binary star in basic models can be removed, binary fraction can
be changed to any value between 0 and 1 in studies. The star sample of ASPS is generated by a Monte
Carlo technique following the Salpeter IMF at zero age, then all stars are evolved to present day using the
rapid stellar evolution code of Hurley & Tout (1998) and Hurley et al. (2002). The effect of rotation on
the evolution of stars are calculated using the results of Georgy et al. (2013), via taking various rotation
rate distribution, i.e., the above-mentioned seven rotating star fractions. Readers are kindly invited to
read another paper, Li et al. (2016), to learn more details about ASPS.
3 SYNTHETIC CMDS AND CMD FITTING
3.1 Synthetic CMDs
ASPS model only supplies some basic stellar populations with 50 per cent binaries, but we can change
the binary fraction of a stellar population in the synthesis of CMDs because the binarity (binary or single)
of every star has been marked. This is easily achieved by removing some random binaries or single stars
from the basic models. Moreover, stellar population models with various rotating star fractions can be
chosen from the basic models of ASPS. The CMDs of simple stellar populations (SSPs) with a fraction
of binaries and a fraction of rotating stars can be built in this way (e.g., panels (a), (b), (e) and (f) of Fig.
1). When we build the CMDs of composite stellar populations (CSPs), Powerful CMD puts a few
SSPs together. Because the stars of most studied star clusters (∼ 80 per cent) have no obviousmetallicity
difference, we assume that a CSP consists of stars with the same metallicity but various ages. Here we
do not take into account chemical evolution, because observations did not show obvious metallicity
difference for the stars of a not too old cluster. The star number of each SSP is assigned according to a
chosen star formation history, for clearly. In this way, the intrinsic CMDs of SSPs and CSPs are built.
Fig. 1 shows some examples. Each panel presents the CMD of a kind of stellar population. In detail,
panels (a)–(d) contain no rotating stars, while the others include a fraction of rotators. Panels (a), (c),
(e) and (g) contain no binary stars, while the others contain some binaries. Panels (c), (d), (g) and (h)
are for CSPs and the others for SSPs. The model inputs of these example stellar populations are listed
in Table 1.
In fact, the observed CMDs are obviously affected by distance, colour excess, and uncertainties
in magnitudes and colours. This makes observed CMDs different from the intrinsic CMDs of theoret-
ical stellar populations. Therefore, it is necessary to include this effect in synthetic CMDs. In detail,
the magnitudes of stars are moved toward less luminous direction by adding a distance modulus, and
their colours are moved toward redder direction by adding a colour excess. Because colour excess corre-
sponds to a faintness of stars, we need to correct distance modulus after getting the results. A correlation
between colour excess and magnitude change is needed for this operation, which depends on the dust
distribution model of the Milky Way.
A difficulty to model CMDs accurately is taking into account the observational uncertainties of
magnitudes correctly. Such uncertainties are caused mainly by equipment for observation, software and
method for dealing with the data (i.e., photometry process), and random errors. The uncertainties caused
by equipment and photometry process dominate observational uncertainties. Usually, the uncertainties
caused by equipment are reported, but those caused by photometry process are not so clear. In order to
quantify the uncertainties due to photometry process, we can make some artificial star tests (ASTs) (e.g.,
Sandquist et al. 1996, Harris & Zaritsky 2001, Anderson et al. 2008 and Rubele et al. 2010). Some
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images consisting of many artificial stars with known magnitudes and colours are built and then pro-
cessed with a photometry software to measure their magnitudes. The magnitude uncertainties (AST un-
certainties) caused by photometry process are given by comparing the input and measured magnitudes.
Meanwhile, the star completeness at any CMD region is given by comparing the input and measured star
fractions. Although ASTs can account only for a part of the observational errors, some tests (e.g., Rubele
et al. 2010) showed that AST technique can be used for some CMD works. Fig. 2 shows the uncertainty
versus magnitude relations of stars in two simulated star clusters (S1 and S6). Such relations will be
used for adding AST uncertainties to intrinsic CMDs of stellar populations. When such uncertainties
are considered, the CMDs of stellar populations usually become significantly scattered and seem closer
to the observed ones. In the case that uncertainties due to photometry process are much larger than those
caused by equipment, we can use the results of ASTs as the final observational uncertainties. However,
we should note that the real observational errors are larger than AST ones. For example, differential
reddening and PSF variations also contribute to the observational errors (Milone et al. 2009, 2012). We
suggest to take these errors into account if possible. After including observational uncertainties, CMDs
in Fig. 1 become to the case of Fig. 3. Note that many other methods can be used for estimating the
observational uncertainties, so one can choose his own methods.
3.2 CMD fitting
In order to make CMD fitting more convenient and effective, Powerful CMD divides a CMD into
many cells by taking fixed colour and magnitude intervals and counts the stars in each cell. Then it
fits the Hess diagrams (Hess 1924) instead of the original CMDs to find the best-fit parameters of star
clusters. As the standard case, a CMD plane is divided into 1500 cells, including 50 colour bins and 30
magnitude bins, but it can be changed. It is suggested to test the effect of bin numbers on the result.
Our test shows that this selection is able to reproduce most of the input CMDs. One can also take fixed
intervals for colour and magnitude for the fitting. In principle, if synthetic CMDs are well built, the
result will not be affected too much by the colour and magnitude bins when they are larger than about
30. The star fractions of observed and theoretical CMDs in the same cell are denoted by fob and fth for
comparison.
Although a few statistics can be used for finding the best-fit models, they all have both advantages
and disadvantages. Thereby, Powerful CMD uses three statistics to identify the best-fit model. Users
can choose the statistic for CMD fitting. The three statistics in the current version include the widely
used χ2, effective χ2
e
(Bertelli et al. 2003), and weighted average difference (WAD, Li et al. 2015).
Note that the χ2e statistic is proper for dealing with Poission-distributed data. In Li et al. (2015), we
compared WAD with χ2 and χ2
e
statistics. It has shown thatWAD is a good indicator for determining
the best-fit parameters of star clusters, and it gives similar results to χ2. In detail,WAD, χ2 and χ2e are
calculated via equations 1–4.
WAD =
Σ[ωi.|fob − fth|]∑
ωi
, (1)
where ωi is the weight of ith cell, and fob and fth are star fractions of observed and theoretical CMDs
in the same cell. Both fob and fth are between 0 and 1. ωi is greater than 0, and it is calculated as
ωi =
1
|1− Ci|
, (2)
where Ci (< 1) is the completeness of ith cell, and it can be estimated via ASTs (see Li et al. 2015).
Here |1− Ci| gives the uncertainty of star fraction in the ith cell.
χ2 = Σ
(fob − fth)
2
(1− Ci)2
, (3)
and
χ2
e
= 2Σ[(fob − fth) + fth.log(fth/fob)]. (4)
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CMD fitting can be completed automatically by Powerful CMD, when the observational data
and control file have been prepared. In the control file, one needs to set the number of stars in theoretical
models, colour for fitting, whether considering observational errors and star incompleteness, CMD range
for fitting, and the range of star formation mode. The ranges and steps for distance modulus, colour
excess, metallicity, age, age spread, binary fraction, and rotator fraction are also needed to be given in
this file. This makes the tool friendly to use.
Powerful CMD is possibly able to serve some hot researches, e.g., the extended main-sequence
turn off of star clusters of 100–2000Myr, which has attracted much attention but the reason is still
not clear. Both a spread of age (e.g., Mackey et al. 2008; Milone et al. 2009) and a spread of stellar
rotation rate (e.g., D’Antona et al. 2015) can possibly explain the observation . Aims to find whether
Powerful CMD can be used for disentangling the effects of spread of age and spread of rotation
rate of stars, we did a test. We found that Powerful CMD can disentangle the degeneracy between
age spread and rotation rate spread partially. If star clusters exist extended or multiple red clumps,
Powerful CMD usually prefers age spread as the reason of extended turn-off, because such special
red clump structure is possibly not formed from rotation, as rotation of stars becomes much slower when
they leave main sequence and loss lot of angular momentum. Similarly, for star clusters younger than
0.5Gyr, Powerful CMD usually reports age spread because rotation contributes to extended turn-off
slightly (Li et al. 2015). For other clusters, Powerful CMD can not give reliable conclusion on the
reason of extended turn off, although a best-fit model can be given. Note that the results depends on
stellar population model.
4 TEST TO THE NEW TOOL
4.1 Building CMDs of various stellar populations
A function of Powerful CMD is to build CMDs based on different stellar population assumptions.
Different metallicities, ages, binary fractions, rotating star fractions, star formation histories, distance
moduli and colour excesses can be taken, and CMDs can be generated quickly (about decades of sec-
onds for a few thousand of stars but it depends on computer). Fig. 1 has given some examples without
observational uncertainties, so we test the CMD building function by taking colour and magnitude un-
certainties into account here. As examples, Fig. 3 shows the CMDs of eight simulated star clusters (black
points). The model inputs are listed in Tables 2 and 3, while the corresponding magnitude uncertainties
of stars of two clusters can be seen in Fig. 2. We are shown that Powerful CMD has the ability to build
the CMDs of various stellar populations. This is helpful for many studies of star clusters and galaxies.
4.2 Fitting CMDs of stellar populations
The WAD method was tested in a previous work (Li et al. 2015) and its reliability has been shown,
but this method cannot give a constraint on the uncertainties of cluster parameters, because we do not
know the distribution of WAD values. Thus we choose χ2 as the goodness indicator of fit and test
Powerful CMD in this paper. The results show that this method can recover most cluster parameters,
when we use some artificial star clusters to test Powerful CMD. Fig. 4 shows the process (only a
few example steps) of CMD fitting. We observe that this code is able to find the best-fit model step by
step. In detail, 51 simulated star clusters, including S1–S8, are used for testing the tool. Fig. 5 gives
the test results, in which the input and recovered values of seven parameters are compared. We find
that distance modulus, colour excess, metallicity, youngest-component age, age spread, binary fraction
and rotator fraction are well recovered. Note that age spread is described by another parameter, Nsf ,
which means the number of star formations from the youngest component and with an age interval
of 0.1Gyr. When checking the star formation mode, the input modes of 12 are recovered correctly,
within 15 simulated star clusters. Therefore, Powerful CMD recovered the input parameters of most
simulated star clusters. For a quantitative comparison purpose, Tables 2 and 3 list the input and fitted
parameters of eight simulated clusters (S1–S8).
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Fig. 1 Examples for intrinsic CMDs of various stellar populations. All CMDs are built via
Powerful CMD. Model inputs are in Table 1.
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Table 1 Input parameters for eight simulated star clusters in Fig. 1. Z , fb and frot denote
metallicity, binary fraction and rotator fraction, respectively.
No. Z Age (Gyr) fb frot
a 0.01 0.5 0 0
b 0.001 1.5 0.5 0
c 0.004 0.9,1.0,1.1,1.2 0 0
d 0.02 0.6,0.7,0.8 0.5 0
e 0.008 1.0 0 0.5
f 0.008 1.0 0.5 0.5
g 0.008 0.9,1.0,1.1,1.2,1.3 0 1.0
h 0.008 0.9,1.0 0.7 1.0
Table 2 Input and fitted parameters for eight simulated star clusters. CE means color excess.
Subscript “in” and “fit” denote input and fitted parameters. Parameter ranges are 1 σ ranges.
No. (m−M)in (m−M)fit range CEin CEfit range Zinput Zfit range
[mag] [mag] [mag] [mag] [mag] [mag]
S1 18.40 18.37 18.28–18.58 0.08 0.08 0.04–0.12 0.0010 0.0010 0.0003–0.0010
S2 19.00 18.93 18.88–19.18 0.16 0.15 0.12–0.20 0.0040 0.0040 0.0010–0.0080
S3 19.00 18.98 18.98–19.18 0.16 0.15 0.11–0.19 0.0040 0.0040 0.0040–0.0080
S4 18.50 18.48 18.48–18.68 0.18 0.18 0.12–0.24 0.0200 0.0200 0.0100–0.0300
S5 18.30 18.30 18.28–18.46 0.14 0.14 0.08–0.20 0.0100 0.0100 0.0080–0.0200
S6 19.20 19.24 19.18–19.37 0.13 0.12 0.09–0.17 0.0040 0.0040 0.0010–0.0080
S7 18.40 18.40 18.30–18.50 0.08 0.08 0.00–0.18 0.0080 0.0080 0.0080
S8 19.50 19.44 19.40–19.60 0.15 0.14 0.10–0.20 0.0080 0.0080 0.0080
Table 3 Similar to Table 2, but for other parameters. “Age” means the age of youngest stellar
component. “Fb”, “Fr”, “Nsf” and “mod” mean binary fraction, rotating star fraction, num-
ber of star formation with interval of 0.1Gyr, and star formation mode (1, 2 and 3 corresponds
to homogeneous, linearly increasing and linearly decreasing modes with increasing age).
No. Agein Agefit range Fbin Fbfit range Nsfin Nsffit range modin modfit Frin Frfit
[Gyr] [Gyr] [Gyr]
S1 1.5 1.5 1.2–1.8 0.5 0.4 0.2–0.8 1 1 1–3 1 1 0 0
S2 0.5 0.5 0.2–0.8 0.7 0.8 0.4–1.0 2 3 1–3 1 2 0 0
S3 1.3 1.3 0.9–1.8 0.0 0.2 0.0–0.3 2 3 1–3 1 2 0 0
S4 0.6 0.6 0.3–0.9 0.5 0.7 0.2–0.8 3 3 1–3 1 1 0 0
S5 1.0 1.0 0.8–1.1 0.5 0.4 0.3–0.8 1 1 1–1 1 1 0 0
S6 0.8 0.9 0.5–1.1 0.0 0.0 0.0–0.0 4 3 2–5 1 3 0 0
S7 1.0 1.0 0.5–1.5 0.5 0.4 0.3–0.7 1 1 1–1 1 1 1.0 1.0
S8 0.8 0.8 0.5–1.1 0.3 0.1 0.1–0.5 1 1 1–1 1 1 0.3 0.3
5 APPLICATION TO FOUR STAR CLUSTERS
Four star clusters, i.e., NGC6362, NGC6652, NGC6838 and M67, are used for testing the new tool.
All of them do not have the presence of obviously extended main-sequence turn off and therefore can
be fitted via SSPs. Readers can check our previous paper, Li et al. (2015), for a detailed study of the
CMD of NGC1651, which presents an extended main-sequence turn off. There have been some studies
about the test clusters, and this enables us to compare our results with previous results. The data of M67
are directly taken from Yadav et al. (2008). Those of three other clusters (i.e., NGC6362, NGC6652
and NGC6838) are obtained from the HST archive, which are observed with the Wide Field Planetary
Camera 2 (WFPC2) between 1996 and 2000. Images were obtained using the F439W (B) and F555W
(V ) filters. The exposure times of clusters NGC6362, NGC6652 and NGC6838 in F439W filter are 100,
100 and 160 seconds, and those in F555W filter are 40, 30 and 50 seconds, respectively. We handle the
8 Z.-M. Li et al.
Fig. 2 Magnitude uncertainty as a function of observed magnitude of two simulated star
clusters. The uncertainties are estimated via ASTs, and the errors relating to observational
equipment are not taken into account because they are usually much smaller.
HST data using the stellar photometry package of Dolphin (2000) (HSTphot), because this package is
specially designed for dealing with HST WFPC2 images and it has been widely used. Finally, we obtain
the observed CMDs in B and V bands for three clusters. The HST magnitudes are transformed to B
and V magnitudes by HSTphot. Following some previous works, e.g., Rubele et al. (2010), magnitude
uncertainties are estimated via an AST technique, and the results are shown by Fig. 6. Then Fig. 7 shows
the observed CMDs (black points). We can see the evolutionary structures, including main sequence,
main-sequence turn off, Hertzsprung gap, and red giant, clearly. Such CMDs are ideal for CMD studies.
When we use Powerful CMD to fit the CMDs of four clusters, all observed CMDs are reproduced
well. The best-fit CMDs (red points) are compared to the observed ones via Fig. 7. The results from
stellar population models without binaries are the same as those with binaries, except colour excess. The
best-fit parameters are listed in Table 4 while 1 σ ranges in Table 5. “SSP-fit” and “CSP-fit” denote the
results from SSP and CSP models, respectively. Note that in the fitting for M67, magnitude uncertainties
are not considered as there is no available data. Because some other works have studied these clusters, we
compare our results with others in Table 4. “Piotto”, “Forbes” and “Yadav” in Table 4 refer to the works
of Piotto et al. (2002), Forbes & Bridges (2010) and Yadav et al. (2008), respectively. It is shown that
most of our results are in consistent with previous works, although different stellar population models
and fitting methods are used. In detail, the (m−M) and age values obtained in this work are similar to
other works, with only a small difference (< 0.5mag and 0.4Gyr). The metallicities of NGC6838 and
M67 agrees well with previous works. Although there are differences for the metallicities of NGC6362
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Fig. 3 Example CMDs (black) of simulated stellar populations and their best-fit CMDs (red).
The best-fit CMDs are found by Powerful CMD.
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Fig. 4 Process of Powerful CMD to find the best-fit stellar population models. Black and red
points are for observed and fitted CMDs, respectively. The less the χ2, the better the goodness
of fit. χ2 less than 431 denotes the acceptable models.
and NGC6652, it is actually limited by the small number (eight) of metallicities of theoretical stellar
populations. If more metallicities are taken for theoretical populations, the results will be possibly closer.
Moreover, we find that Powerful CMD reports smaller colour excesses than previous results for all
clusters. This is reasonable, because binaries are taken into account by this work. Some unresolved
binaries are located at the right of main sequence, and this makes it able to fit the observed CMDs with
smaller colour excesses. We can see that a high binary fraction (0.8) is determined for NGC6362 and
NGC6652. The result is not strange, because binaries here mean those with orbital periods less than
100 yr at zero age, rather than interacting binaries or main sequence binaries with large (> 0.5) mass
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Fig. 5 Comparison of input and fitted parameters of 51 simulated star clusters. Nsf , fbin and
frot denote number of star burst with an interval of 0.1Gyr, binary fraction and rotating star
fraction. Error bars indicate 1 σ uncertainties.
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Table 4 Best-fit parameters of star clusters NGC6362, NGC6652, NGC6838 and M67 from
SSP models, together with other results. Sign apostrophe (’) denotes the results from other
works (see reference). Binary fraction Fb are for all binaries with orbital period less than
100 yr, rather than interacting binaries.
Cluster (m−M) (m−M)’ E(B − V ) E(B − V )’ Z Z’ Age Age’ Fb Reference
[mag] [mag] [mag] [mag] [Gyr] [Gyr]
NGC6362 14.41 14.79 0.01 0.08 0.004 0.0020, 0.0024 13.2 13.57 0.8 Piotto, Forbes
NGC6652 15.13 15.19 0.04 0.09 0.008 0.0021, 0.0022 12.8 12.93 0.8 Piotto, Forbes
NGC6838 14.22 13.75 0.20 0.25 0.004 0.0037 13.4 13.70 0.6 Piotto, Forbes
M67 9.23 9.56-9.72 0.10 0.041 0.020 0.0209-0.0219 3.6 3.5-4.8 0.3 Yadav
Table 5 Ranges of SSP-fit parameters of star clusters NGC6362, NGC6652, NGC6838 and
M67. The ranges correspond to 1 σ confidence.
Cluster (m−M) range E(B − V ) range Z range Age range Fb range
[mag] [mag] [Gyr]
NGC6362 14.32–14.59 0.01–0.04 0.004 13.2–14.3 0.5–1.0
NGC6652 15.00–15.40 0.01–0.08 0.008–0.010 11.8–13.8 0.6–0.9
NGC6838 12.99–14.29 0.16–0.24 0.004 12.4–14.4 0.4–0.8
M67 9.03–9.62 0.07–0.19 0.010–0.030 3.1–4.1 0.2–0.4
Table 6 Best-fit parameters of star clusters NGC6362, NGC6652 and NGC6838 from CSP
models.
Cluster (m−M) E(B − V ) Z Ages Fb star formation mode
[mag] [mag] [Gyr]
NGC6362 14.42 0.02 0.004 13.0–13.5 0.7 decreasing
NGC6652 14.94 0.03 0.008 12.6–12.7 0.7 homogeneous
NGC6838 14.13 0.21 0.004 13.1–13.5 0.5 homogeneous
ratio. In other words, binaries in this paper includes all kinds of binaries. The binary components can
be any type of stars, including black hole. Thereby, the binary fractions derived by Powerful CMD
usually seem larger than other works, e.g., Milone et al. (2012). The effect of binaries are studied widely,
e.g., Li et al. (2009); Yang et al. (2011); Jiang et al. (2014). In addition, Powerful CMD reports an
obviously smaller distance modulus for M67 compared to previous result. This is also caused by the
inclusion of binaries. As we see in the last panel of Fig. 7, binaries enable us to fit the right part below
turn-off with a smaller distance modulus compared to the case of single-star populations.
In above test, we assume that these clusters are SSPs, because their CMDs seem similar to the
isochrones of SSPs. However, some of them are possibly CSPs, which was suggested by e.g., Piotto
et al. (2015); Milone et al. (2017). We therefore study the CMDs of star clusters NGC6362, NGC6652
and NGC6838 using CSP models. We are finally shown that CSPs can fit the CMDs of three clusters
better than SSPs. Fig. 8 compares the observed and best-fit models for two clusters and Table 6 shows
the best-fit results of three clusters. We find that CSP models (Table 6) lead to smaller binary fractions
comparing to SSP models (Table 4), while other parameters are similar. The result is reasonable because
both multiple population and stellar binarity contribute to stars in the region by blue box (Fig. 8). In this
case, the presence of multiple populations in star clusters affect the result from Powerful CMD.
6 DISCUSSIONS AND CONCLUSIONS
We present a new tool for CMD studies, Powerful CMD, in this paper. The new tool can be used
for building theoretical CMDs of various kinds of stellar populations, and for determining eight pa-
rameters of star clusters from CMDs. The relevant stellar population synthesis model (i.e., ASPS),
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Fig. 6 Magnitude uncertainty as a function of magnitude for clusters NGC6362, NGC6652,
and NGC6838.
building technique of synthetic CMDs, and CMD fitting method were introduced first. Then we used
Powerful CMD to build the CMDs of some artificial star clusters, and check the efficiency of
Powerful CMD using these simulated CMDs. It is shown that the new tool has the ability to de-
termine cluster parameters correctly. Finally, the new tool was applied to four star clusters to determine
their distance moduli, colour excesses, metallicities, ages, and binary fractions. The observed CMDs
were fitted well, and the best-fit parameters agree with previous works as a whole, although the inclu-
sion of binaries in theoretical stellar population models leads to less colour excesses for three clusters.
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Fig. 7 Comparison of observed (black) and SSP-fit (red) CMDs of clusters NGC6362,
NGC6652, NGC6838 and M67. The observational uncertainties in magnitudes of M67 have
not been considered.
This implies that Powerful CMD is a reliable tool for most CMD studies, in particular for the studies
with the HST CMDs.
A limitation of the current version of Powerful CMD is that the star formation mode of about
20% star clusters can not be automatically determinedwell. This is caused by the degeneracy of different
parameters. Powerful CMD has supplied a function to determine the detailed star formation histories
when other parameters are known. If we can determine the stellar population types (SSP or CSP) via
other methods, e.g., spectra, PowerfulCMD will be able to determine the star formation histories.
In addition, this tool still contains some uncertainties, which may result from the uncertainties in the
modeling of stellar evolution (including single stars, binaries, rotators), assumptions of stellar properties
(e.g., IMF, distributions of binary separation and eccentricity, and distribution of stellar rotation rate),
estimation of observational uncertainties, and statistics for CMD fitting. We will study them deeply in
the future and improve the code.
Moreover, Powerful CMD utilizes a large size of data. It makes not easy to spread this tool. The
authors will be glad to serve for all astronomers for free. Meanwhile, we are trying to make the tool and
data available to the public as soon as possible.
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